secretory pathway, possibly within the Golgi apparatus analysis ( Figure 1B ). Hemizygous mutant males exhibit severe locomotion defects and die as second-or early itself or between the Golgi apparatus and the ER (Soussan et al., 1999). In the mouse, VAP-33 is localized at the third instar larvae. The lethality associated with both alleles was rescued by ubiquitous expression of DVAP-ER as well as in association with microtubules (Skehel et al., 2000) . In yeast, the VAP-33 homolog (Scs2) is an 33A using a P{hs-DVAP-33A} transgene and repeated mild heat shock treatments. Larvae with a precise exciintegral membrane protein located at the ER (Kagiwada et al., 1998) , where it functions to suppress inositol auxsion of the original P element insertion, DVAP-33A
⌬466
, produce a wild-type amount of protein, and do not exotrophy (Nikawa et al., 1995). Finally, plant homologs of VAP-33 have been identified that localize to the plasma hibit obvious phenotypes ( Figure 1D ). We also isolated a hypomorph allele, DVAP-33A
⌬166
, that encodes a trunmembrane and are induced by osmotic stress (Galaud et al., 1997; Laurent et al., 2000). These findings do not cated protein of about 20 kDa. Homologs of VAP-33 have been identified in a variety provide a coherent picture of the function of this protein family. One obvious interpretation, however, is that difof species, suggesting a conserved functional role for DVAP-33A. The overall structure of the protein is similar ferent isoforms play different roles in different cells.
Here, we report the identification and characterization in all species and exhibits three domains ( Figure 1C ). The 100 aa N-terminal domain ( Figure 1C ) exhibits significant of a homolog of VAP-33 in Drosophila (DVAP-33A). We show that DVAP-33A is expressed at the larval neurohomology (25% identity, 45% similarity) to the nematode major sperm protein (MSP). This domain contains a 16 muscular junctions, where it regulates synaptic bouton budding in a dosage-dependent manner. Our data sugaa domain ( Figure 1C ) of unknown function that is identical in most VAP-33 homologs. The central domain of gest that DVAP-33A regulates the division of boutons at the synaptic terminals by stabilizing and directing the the protein contains a 44 aa coiled-coil domain as predicted by the COILS algorithm (90% probability). Finally, microtubule cytoskeleton during budding. a C-terminal hydrophobic region ( Figure 1C ) probably anchors the protein into the membrane. The overall hoResults mology to other VAP-33 proteins is shown in Figure 1E .
Identification of Drosophila VAP-33 Homolog and Mutational Analysis of DVAP-33A
DVAP-33A Is Localized Pre-and Postsynaptically at Neuromuscular Junctions Given that the VAP-33 protein in Aplysia has been proposed to be a regulator of neurotransmitter release In Drosophila, DVAP-33A is widely expressed from the earliest stages of embryonic development onward. The (Skehel et al., 1995), we screened for Drosophila homologs of VAP-33 (Lloyd et al., 2000) . Our search revealed protein is mostly associated with cellular membranes, and double staining with anti-DVAP-33A and anti-Discsthree structural homologs displaying 39% (farinelli), 18% (DVAP-33B), and 40% (DVAP-33A) identity to Large (DLG) shows that the two proteins colocalize in most or all cells at cellular blastoderm, early gastrulaAplysia VAP-33, respectively. Of these, farinelli is specifically expressed in testes and required for male fertility tion, and in third instar larvae (data not shown). DVAP-33A is membrane associated but some of the protein is (Accession Number AF280798). As the homology of DVAP-33B with VAP-33 is rather low, we decided to cytoplasmic. At the third instar larval NMJ (Figure 2 ), DVAP-33A is focus on DVAP-33A. In situ hybridization to polytene chromosomes showed that DVAP-33A maps to 3F5-6 on localized to glutamatergic synapses of the body wall muscles fibers. To examine its subcellular localization, the X chromosome. The locus comprises seven exons ( Figure 1A ). Developmental Northern blot analysis identiwe double-labeled synapses with anti-DVAP-33A (red) and either a pre-or a postsynaptic marker (green). As fied four transcripts that are expressed at all developmental stages (data not shown). We obtained four shown in Figures the synaptic boutons of wild-type second instar larvae (data not shown). These data suggest that DVAP-33A ( Figure 1A ; Bellen et al., 1989 Figure 1D ). DVAPto remove portions to show protein localization inside the bouton. Our analysis revealed that DVAP-33A and 33A
⌬448 and DVAP-33A ⌬20 remove, respectively, 1.5 kb and 2.0 kb of genomic region surrounding the original DLG not only colocalize, but that both are specifically excluded from particular areas of the bouton's mem-P element insertion. Both mutations are null alleles since no wild-type protein was detectable by Western blot brane ( Figures 2G-2I ). These observations confirm those given protein can only be shown by live visualization, the irregular distribution of DVAP-33A at putative sites DVAP-33A labeling is mostly complementary to that of DPAK ( Figures 2K-2O Figures 3A and 3B) . In synaptic To define the characteristic pattern of DVAP-33A localization at higher resolution, we investigated DVAP-33A profiles showing an emerging bouton, immunoreactivity of the protein increases in areas immediately surexpression using immuno-electron microscopy. In serial sections through budding boutons ( Figures 4A-4D ), silrounding the bud (Figure 3B, arrowheads) . At newly formed boutons, immunoreactivity is increased at their ver-enhanced gold particles are located along the plas- . This subcellular 33A mutants exhibit many fewer but larger boutons than control larvae ( Figure 6E ). Interestingly, the average cudistribution suggest that DVAP-33A could play a role in synaptic development. We therefore examined the mulative synaptic surface areas for all boutons of a single muscle do not differ significantly between controls morphology of NMJs from second instar larvae DVAP-33A ⌬448 and DVAP-33A
⌬20
. These mutants die as second and DVAP-33A ⌬448 ( Figure 6D ). These data indicate that loss of DVAP-33A affects bouton formation but not the instar/early third instar larvae. We counted the number of larvae boutons on muscles 12 and 13 of abdominal global growth of synapses. segment 3 and found that the total number of boutons was approximately 50% of wild-type and DVAP-33A To analyze further the effect of altering levels of DVAP-33A on synapse morphology, we studied DVAP-33A control larvae. Although we limited our phenotypic analysis to muscles 12 and 13, the defects described here overexpression in either wild-type or mutant backgrounds using the UAS/GAL4 system (Brand and Perriwere observed in all NMJs (data not shown).
To study differences in bouton size, we individually mon, 1993). A UAS-DVAP-33A transgene was driven either by the pan-neural GAL4 driver P{elav-GAL4} ( in control larvae, to 535 (Ϯ7) in P{elav-GAL4}; UASTo correlate the sensitivity of the supernumerary bouton phenotype with expression levels of DVAP-33A, we DVAP-33A larvae ( Figures 7A and 7B) . Similarly, overexpression in P{Gal4w1}C164; UAS-DVAP-33A larvae compared the phenotype of larvae overexpressing DVAP-33A in a wild-type background with that of null causes the bouton number nearly to double (to 459 Ϯ 10, Figure 7C ). In both genotypes, the boutons display mutant larvae (DVAP-33A
⌬448
) under otherwise identical conditions. By eliminating the endogenous protein, we a remarkable decrease in size that is difficult to quantify because they are so tiny, resembling mere subtle expansurmised that the phenotype observed by overexpressing DVAP-33A in wild-type larvae may become attenusions of axons ( Figures 7B and 7C ). In addition, many synapses exhibit extra branches, although both axonal ated if it were highly sensitive to DVAP-33A levels. The increased number of synaptic boutons at NMJs of such pathfinding and initial target recognition appear normal. Figures 9C-9D) . Immunolabeling of larvae deficient for DVAP-33A also mAb22C10 immunolabeling is most intense in motoneuron axons and at the branching point, where they conrevealed that other synaptic components such as Fasciclin II (FasII) and DLG are correctly delivered and localtact the surface of target muscles. Labeling fades with increasing distance from the branch points in both wildized at DVAP-33A mutant synaptic terminals ( Figures  9E-9H) . Moreover, mutations in motor proteins or other type and mutant larval muscles (Figures 8A and 8E) . We observed two phenotypic differences at moderately high proteins needed for proper axonal transport have been shown to induce axonal swellings and vesicle/organelle resolution between wild-type and mutant NMJs. Mutants display increased labeling within the boutons at stalling ("organelle jams") along larval segmental nerves ( . Since immunoreactivity to DVAP-33A overlaps with DLG and complements that of DPAK, we infer that tion as a bipartite extracellular signaling molecule that promotes oocyte meiotic maturation and smooth musit also marks periactive zones. Both light and electro-microscopy show that DVAPcle contraction in C. elegans (Miller et al., 2001 ). Since DVAP-33A mutants display presynaptic microtubule ar-33A-specific immunoreactivity is associated with three types of subcellular structures. Most protein is associchitecture defects, we favor a cytoskeletal role for DVAP-33A in directing bouton formation. However, our ated with the plasma membrane as well as with the surface of internal vesicular structures. Based on their data cannot rule out the possibility that DVAP-33A also plays a signaling function between pre-and postsynapsize and morphological appearance, those vesicles do not seem to be vesicles containing neurotransmitter but tic sites at the NMJ, especially since our immunolocalization studies suggest that some of the protein may be rather vesicles required for the transport of synaptic components. Since our data do not support a role for present at the postsynaptic membrane.
DVAP-33A in axonal transport, we assume that those intracellular vesicular structures represent the form DVAP-33A Is a Membrane Protein that Interacts with Microtubules through which DVAP-33A may be transported to its final destination. Ultrastructural and biochemical analysis inPresynaptic membranes consist of several functional regions, each characterized by a distinct molecular dicate that the protein is also associated with microtu- 
Microtubule Pulldown Assay
Engert, F., and Bonhoeffer, T. (1999) . Dendritic spine changes assoDetermination of the ability of DVAP-33A to cosediment with exogeciated with hippocampal long-term synaptic plasticity. Nature 399, nously added microtubules was performed according to the manu-19-21. facturer's protocol (Cytoskeleton, Denver) with some modifications according to Lantz and Miller (1998) . Whole head extracts were Estes, P.S., Roos, J., van der Bliek, A., Kelly, R.B., Krishnan, K.S., made in our extraction buffer containing 5 mM Hepes (pH 7.4) and and Ramaswami, M. (1996) . Traffic of dynamin within individual DroNaCl 100 mM in the presence of a cocktail of protease's inhibitors sophila synaptic boutons relative to compartment-specific markers. Gavin, A.C., Bosche, M., Krause, R., Grandi, P., Marzioch, M., Bauer,
